Reduction of energy consumption in educational buildings, and primarily in University buildings, is nowadays a relevant issue. The evaluation of the energy performance of these buildings is complex due to the variability in their construction age and their intermittent and wide variety of uses. In addition, these buildings are often characterized by a scarce availability of energy end use data, which makes challenging to benchmark energy performance and to inform energy policy decisions. To tackle this problem, this paper explores the use of simple indicators linking low-frequency available energy consumption data to variables measuring building characteristics and weather conditions. The use of such indicators is accompanied by detailed ad-hoc energy audits, including activities in the area of building management systems and dynamic energy simulation. The case study chosen is the Italian University of Modena and Reggio Emilia, which recently developed a Sustainability Plan targeting reductions in GHG emissions to 2020 and identified a framework for investment over the next 5 years to meet University targets. The results of the study shows that simple performance indicators can provide a first insight into the buildings energy performance and identify critical buildings that require detailed analysis. The results of the energy audits support the decision of actions to reduce heating and cooling energy consumption while maintaining acceptable thermal comfort for occupants.
INTRODUCTION
Buildings account for approximately 40% of the total energy consumption in Europe and the sector is continuously expanding [1] . Reduction of energy consumption and the use of energy from renewable sources in the buildings sector constitute important measures to reduce the Union's energy dependency and greenhouse gas (GHG) emissions [2, 3] .
Energy consumption in educational buildings, and primarily in University buildings, is usually high [4] and it represents a complex issue due to the variability in building construction age and the intermittent and wide variety of uses [5] .
Energy planning is thus becoming more and more important for university campuses. Several universities put in place Sustainability Plans to reduce building energy consumption and GHG emissions [6] . The main aim of the energy planning is the identification of building stock criticalities and the definition of energy mitigation strategies. Knowledge of the characteristics of the building stock is essential for defining strategies for energy savings and for the calculation of those savings [7] . However, these buildings are often characterized by a scarce availability of energy end use data, which makes difficult the benchmark of their energy performance that would assist energy management decisions [8] .
In order to achieve energy saving goals, detailed energy audits are presented in several studies as a valuable tool to support building managers identifying opportunities for reducing energy costs [4, [9] [10] [11] . It is also highlighted the added value of such activities in educational buildings as they can educate environmentally-aware citizens [10] .
Due to the high number of buildings and the limited funds, detailed energy audits cannot be conducted for all the buildings in the stock and different procedures are presented in literature for the selection of the relevant buildings that deserve further analysis. In Escobedo et. al. [12] energy consumption of the campus was only available at building groups level and a representative sample of campus buildings and facilities was selected by category. Guan et al. [6] proposed a methodology based on coincidence factors and cluster analysis to identify buildings with the larger potential of operation optimization in a Norwegian University campus. The method makes use of long-term and real-time data of electricity, heating and water usage. However, high frequency data on energy end use are often not available for such large building stocks and a widespread monitoring system is in most cases too expensive to be implemented, and it however requires a lot of time to be designed, installed, and run for a statistically adequate time period. Therefore a qualitative evaluation of the building stock energy performance frequently represents the only viable solution.
Different authors explore methods based on the analysis of the available low-frequency energy end use data to draw conclusions on the building stock energy performance. Through a case study, Gallachóir et al. [8] assess the use of simple performance indicators, energy trends and the assessment of building energy performance. Deshko et al. [13] demonstrated the possibilities and problems of using certification to determine the university campuses energy efficiency measures.
This study tackles this issue by presenting a methodology for the assessment of energy performance of building stocks based on normalization of available energy consumption data and sample detailed energy audits. The selected case study is the University of Modena and Reggio Emilia (UNIMORE), which recently developed a Sustainability Plan setting in place target reductions in GHG emissions to 2020 and identified a framework for investment over the next 5 years to meet University targets.
The analysis starts with the evaluation of available information on building energy consumption and corresponding GHG emissions. The availability of meteorological data, building volumes, surfaces and opening hours allowed for the calculation of indicators for the shortterm and long-term evaluation of the building stock energy performance and for the identification of criticalities indicating where deeper energy diagnoses are required. Results from the audits are then used as basis for the definition of different mitigation scenarios. In addition, the paper is also presenting lessons learned on the campus energy management. In contrast to most previous methods in the literature, the presented methodology is based on information at building level that is available with relative ease that guides the selection of sample detailed energy audits and the detection of low-cost energy efficiency measures. The methodology is therefore applicable also when real-time metering data or detailed energy audits are not available for all the buildings of the stock, as often occurs. The final goal is the development of a comprehensive analysis of the energy performance of educational building stocks which would support the definition of goals and objectives and the assessment of their effectiveness.
The paper is divided into five sections. After the introduction, an overview of the University energy consumption and corresponding GHG emissions is presented. The third section illustrates the methodology developed in the present study. The fourth section shows the results and the fifth section draws the conclusions.
OVERVIEW OF THE TARGETED UNIVERSITY ENERGY CONSUMPTION

General information of the targeted University
UNIMORE is composed by 14 Departments, divided in two Italian cities: Modena and Reggio Emilia. The building stock of Modena includes 22 main buildings while in Reggio Emilia there are 10 main buildings. In both cities, the buildings are located in 2 main areas, i.e. the city center and a suburban area (see Figure 1 ).
Figure 1. Location of the UNIMORE buildings in Modena
(top) and Reggio Emilia (bottom)
University energy consumption and GHG emissions
The heating systems of the buildings in Modena use natural gas, while the buildings in Reggio Emilia are connected to the local district heating network. Heating consumption data are available for the majority of the buildings with a 2-week interval as they have been collected by the system managers through meter readings. The values are thus all measured and not estimated. The seasonal heating consumption of each building is shown in Figure 2 . It has to be noted that "Ed 17" refers to the aggregated gas consumption of 6 adjacent buildings for which only one gas meter is currently available. The average heating consumption of the buildings in the stock ranges between 100 MWh and 2000 MWh, showing a significant variability among the stock. Figure 3 shows the buildings share of total heating consumption of the University for the most recently available heating season (i.e. 2015-2016). It is possible to observe that the 5 largest energy consuming buildings are responsible for about 50% of the total heating consumption of the University (even though it has to be considered that "Ed 17" is an aggregated value). Electricity consumption data are available for all buildings from monthly energy billing and the data can refer to measured or estimated values. The annual electricity consumption of each building is shown in Figure 4 (where again "Ed 17" refers to the aggregated electricity consumption of 6 adjacent buildings for which only one meter was available). Similarly to the heating consumption, the 3 largest energy consuming buildings are responsible for 50% of the University electricity consumption.
The total yearly CO2 emissions for buildings energy consumption are about 9500 tons, considering CO2 emissions coefficients for natural gas, district heating and electricity of the Italian region Emilia Romagna, where all the buildings are located [14] .
The University owns professional weather stations in both Modena and Reggio Emilia [15] [16] . The hourly weather data include global radiation on horizontal, dry bulb temperature, wind speed and relative humidity. Figure 6 compares the profiles of the monthly heating degree-days for the two cities. One can verify that they are quite similar (i.e. seasonal difference in the range of 4%). Data reported in Figure 6 have been calculated with a single base temperature of 20 °C. 
SIMPLIFIED METHODOLOGY TO ASSESS BUILDINGS ENERGY PERFORMANCE
Procedure for the selection of critical buildings
Regarding space heating, the energy consumption is generally available to the energy management as it is obtained from energy billing of meter readings and it can be used to identify the largest energy consuming buildings, responsible for a significant share of the total stock energy consumption and CO2 emissions. This analysis can be enriched with other information that would allow for a more comprehensive evaluation of the building stock in-use energy performance. In particular, a graphical method based on 2 axes plots can be used: the seasonal heating consumption (kWh) can be plotted on the x-axis while an energy performance indicator can be considered for the y-axis. By indicating axes averages, the plot area can be divided into 4 quadrants, where the top-right quadrant (Quadrant I) contains the buildings for which deeper energy diagnosis is primarily required. In fact, Quadrant I includes largest energy consuming buildings with lower energy performance according to the y-axes indicator. Quadrants II and III identify a secondary level of critical buildings while Quadrant IV includes the buildings with the lowest priority.
The commonly used weather-normalized heating consumption by volume QV (kWh/m 3 ) can be considered as one of the simpler y-axes indicators to compare the energy performance of the different buildings in the stock:
Since the heated volume V (m 3 ) and degree days GG (°C) are often available for each building of the stock, this indicator should not require any additional effort for the energy management.
It has to be taken into account that heating degree-days are closely related with the concept of base temperature [17] , which reflects the point at which buildings begin to need heating to maintain the required internal temperatures [18] . For the purpose of this study, a single base temperature of 20°C has been used for the degree-days calculation, representing an average value for the whole built stock and overall climate.
The benchmark based on QV is accounting for weather variability among the stock but it is not considering other influencing factors like building usage. In fact, by using QV as performance indicator, buildings with more opening hours may be incorrectly regarded as less efficient. Therefore, a proposal to improve the analysis includes an additional normalization of the energy consumption with number of building opening hours h, as defined by the following formula:
This approach assumes a linear dependence of the energy consumption on degree-days and opening hours, in accordance with existing literature [19] . It has to be noted that QV,norm is not distinguishing for inefficiencies due to building envelope, system operation or end users behavior. More sophisticated indicators can thus be defined in the future to exclude building envelope dependence from the analysis to allow for a more effective detection of low-cost energy efficiency measures.
Concerning electricity consumption, yearly energy consumption is generally available to the energy management as it can be obtained from energy billing or low-frequency meter readings and it can be used as one of the relevant simple indicators showing the largest energy consuming buildings, responsible for a significant share of the total stock electricity consumption and CO2 emissions. The commonly used electricity consumption by surface QS (kWh/m 2 ) can be considered as one of the simpler y-axes indicators. However, in the case of electricity consumption, the specific value provides less accurate indications on the energy performance, due to the fact that the baseload should be first identified. Therefore, the specific value for electricity may only be used to identify a first set of critical buildings in the right quadrants where high frequency data and sub-metering are necessary to further improve the analysis.
Detailed energy audits and targets setting
For the critical buildings identified primarily in Quadrant I and secondarily in Quadrants II and III, detailed energy audits are performed and targets setting is carried out. It has to be noted that some of the energy audits have been performed by University staff in collaboration with students in the framework of a university course. The analysis includes activities in the area of building management systems and dynamic energy simulation.
RESULTS OF THE ENERGY PERFORMANCE ASSESSMENT
Application of the methodology to the case study
By plotting the heating consumption versus QV a first benchmark analysis can be performed for the UNIMORE buildings (see Figure 7) . In particular, Figure 7 shows that the specific heating consumption has a significant variability among buildings, ranging from 10 kWh/m 3 to 30 kWh/m 3 . From this first analysis, the most critical buildings appear to be Ed15, Ed10, Ed17, Ed9, Ed3, Ed11 and Ed23. Thanks to the availability of buildings opening hours, an additional normalization is obtained by the use of QV,norm as performance indicator (see Figure 8 ). In order to collect this information, a special tool was created to record weekly opening hours of each building. The normalization on heating degree-days does not provide significant modifications for this particular case study. This is due to the fact that the degree-days are rather similar for the two cities. On the contrary, normalization based on opening hours provides considerable modifications to some buildings relative positions. In fact, seasonal opening hours vary significantly among the buildings of the stock, as it generally occurs. Opening hours for these type of buildings can be very variable especially for the ones intermittently occupied, like museums and ceremony buildings. For example, it can be observed that for one of the largest consuming buildings (i.e. Ed15) the level of performance increases significantly when using QV,norm compared to the value obtained from the use of QV. In addition, the long-term evolution of QV,norm is monitored for the last 2 heating seasons showing different trends for the buildings in the stock (see Figure 9 ). The results allow detecting for which buildings the combined effect of system inefficiencies and building use caused a significant decrease in their energy performance. Therefore the trends highlight which buildings deserve further analysis as both heating consumption and inefficiencies unexpectedly increased in the period considered.
Regarding electricity consumption, the available yearly electricity consumption per surface is used to benchmark buildings (see Figure 10 ). Figure 10 shows that the 50% largest consuming buildings are all located in Quadrant I. For all these buildings further analysis are envisaged through sub metering and high frequency data, where a monitoring system has been designed.
Target setting and lessons learned
The detailed energy audits allow identifying different lowcost energy efficiency measures that would reduce CO2
emissions by approximately 20%.
Boosting the awareness of all users involved in the building, from administrative and technical staff to professors and students, is also identified as a long-term strategy to reduce energy consumption.
CONCLUDING REMARKS
The public sector should lead the way in the field of energy performance of buildings. The availability of energy consumption data, administrative data and building usage, together with the resources allocated, defines the limits for the level of accuracy of the energy performance analysis.
It is envisaged that the successful implementation of the methodology suggested in this study will enhance University energy management capabilities while reducing their energy consumption and GHG emissions.
In particular, the methodology has shown its capability to identify a first set of critical buildings where detailed energy audits, high frequency data and sub-metering are necessary to further improve the analysis. For these buildings low-cost energy efficiency measures can often be implemented reducing significantly energy consumption and GHG emissions while limiting investment costs. The methodology is based on information which is normally available and requires only a limited effort for the energy management to be collected and elaborated. The short and long-term trends of the presented indicators allow monitoring the combined effect of envelope properties, system inefficiencies and building use highlighting situations which primarily deserve further analysis for low-cost energy efficiency measures.
The assumption of a linear dependence of the energy consumption on degree-days and opening hours will be verified in future work. It will also be investigated the possibility to define a base temperature for each building taking into account internal and solar gains as well as an appropriate adjustment factor which takes into account building envelope energy performance.
